CrAlN films were prepared using a pulsed DC balanced reactive sputtering system under different N 2 /Ar ratios and pulse widths. We investigated the oxidation resistance of two CrAlN films with different microstructures; i) with a fcc-CrN structure, lower internal stress and moderate hardness, and ii) with a mixed structure of hcp-AlN and hcp-Cr 2 N phases, higher internal stress and super high hardness of 41 GPa. The CrAlN film (i) having the single fcc-CrN structure showed good oxidation resistance up to 900 C. The plastic hardness of this film increased to a maximum of 38.5 GPa at 900 C. In contrast, the CrAlN film (ii) with the mixed structure of hcp-AlN and hcp-Cr 2 N phases was stable up to 800 C. The plastic hardness of this film decreased gradually with annealing.
Introduction
CrAlN films are well-known for their outstanding properties such as high toughness, high compressive residual stress, excellent film adhesion, low surface energy and high wear resistance. [1] [2] [3] [4] [5] [6] [7] [8] [9] A general trend aimed at improving the properties of CrAlN film observed over recent years has been to increase its Al content to improve its structure and increase its thermal stability. In our previous report we showed that with a Cr/Al (¼ 30=70 (at%)) alloy target in the pulsed DC balanced magnetron sputtering system, CrAlN films with moderate hardness and a mixed structure of fccCrN and hcp-AlN form. 10) However, these CrAlN films did not show good mechanical properties. In contrast, using a Cr/ Al (¼ 50=50 (at%)) alloy target and different pulse widths, CrAlN films with the correct microstructure and good mechanical properties were formed. 11) It is well known that coated tools not only have to possess extreme mechanical properties, but also have to resist potentially aggressive operating environments such as lubricant, cooling solutions and high temperatures in dry machining. For instance in dry machining, the temperature at the cutting edge can reach 1000 C. 12, 13) Consequently, the applied protective film must be able to withstand such extreme conditions. CrAlN film is, probably the most promising nitride for use as a protective film showing high oxidation resistance due to the formation of complex aluminum and chromium oxides on the film's surface. 4) There are many reports on the effects of Al and nitrogen content on the thermal stability of CrAlN films with fccCrAlN structure. [14] [15] [16] [17] [18] Thus, it is known that the high oxidation resistance of CrAlN films contributes to the formation of a dense mixed oxide layer of Cr 2 O 3 and Al 2 O 3 at the surface. This prevents further diffusion of oxygen into the film's bulk. 15) On the other hand, Reiter et al. examined the thermal stability of CrAlN films with different Al contents and reported the best thermal stability for the films with the hcp structure. 9) In our previous article we reported formation of nanostructured CrAlN films with mixed structures of hcp-AlN and hcp-Cr 2 N phases from a Cr/Al (¼ 50=50 (at%)) alloy target which showed some typical mechanical properties of nanocomposite films. 11) In this report, we have investigated the thermal stability of CrAlN films with a mixed structure of hcp-AlN and hcp-Cr 2 N phases and compared it to that of typical fcc-CrAlN films.
Experimental Procedure
CrAlN films were prepared in a pulsed DC sputtering apparatus with facing target-type sputtering (FTS) configuration, (Osaka Vacuum Co., Ltd., FTS-2R). For more details about the deposition conditions of the films we refer to our previous reports. 10, 11) A mirror-polished high speed steel wafer 25 mm square was used as the substrate. All the substrates were cleaned ultrasonically with acetone, ethanol, and 2-propanol, in that order, before sputtering deposition.
Oxidation of the sample coupons was carried out using a temperature controlled standard box furnace operated in air, with no additional features to control humidity or air flow rate. Samples were placed horizontally on a ceramic holder with the coated face upwards at the center of the furnace. The furnace temperature was controlled electronically and was raised to the desired temperature at the rate of 10 C/min. Annealing time was controlled to give total oxidation period of one hour. After each increment of oxidation time, the furnace was cooled to ambient temperature slowly.
The hardness was measured by a nanoindentation system (Fischer scope, H100C) at room temperature. The load was selected to keep an impression depth not more than 10% of the film thickness, so that the influence of the substrate could be neglected.
The measurements of the internal stress values of the films are described in detail in our previous articles. 10, 11) The crystal structure of the films was assigned using X-ray diffractometery (Cu K radiation) with either a thin film or -2 goniometer (Philips X'pert system). When using the thin film goniometer, scans were made in the grazing angle mode (Seeman-Bohlin mode) with an incident beam angle of 1 . A field emission scanning electron microscopy (FE-SEM, JEOL, JSM-6700F) was used to provide a high resolution scan on the plane view of the films. The chemical compositions were measured using energy dispersive spectroscopy (EDS).
TEM samples were prepared and observed perpendicular (cross sectional view) to the film surface. The cross sectional view sample was milled with a focused ion beam milling system (HITACHI, FB-2100). TEM (TOPCON, EM-002B type) studies were carried out at 120 kV.
Results and Discussion
Details of the deposition of films and magnetron pulsing parameters are summarized in Table 1 . Films were prepared at two different pulse widths (low and high) with two N 2 /Ar ratios of 1.3 (group-A) and 3 (group-B). The pulsing power was 1.5 kW and the frequency 240 kHz.
The development of XRD patterns for CrAlN films, prepared at different N 2 /Ar ratios and pulse widths is given in Fig. 1 . Films prepared at lower N 2 /Ar ratio (A-1, 2) and one film prepared at higher N 2 /Ar ratio and lower pulse width (B-1), exhibited fcc-CrN structure. In contrast, film prepared at higher N 2 /Ar ratio and higher pulse width (B-2) showed a mixed structure of hcp-Cr 2 N and hcp-AlN phases.
It can be seen that a few peaks of each phase (hcp-AlN and hcp-Cr 2 N phases) are appeared in XRD patterns of B-2 film. It is well known that, thin films synthesized by PVD method usually have preferred orientation. This preferred orientation leads to the absence of some peaks even in thin film mode of XRD measurement compared to the standard peak positions. 19, 20) Accordingly, TEM observations have been performed to examine the multiple phase formation in the B-2 film. Figure 2(a) shows the cross sectional bright field TEM image of B-2 film corresponding to the columnar structure. Analysis of related diffraction patterns of the film reveals the existence of a mixed structure of hcp-AlN and hcp-Cr 2 N phases ( Fig. 2(b) ). These results confirm existence of a mixed structure of hcp-AlN and hcp-Cr 2 N phases.
In order to compare the oxidation resistance of the films with different microstructures, two CrAlN films, A-1 a film having fcc-CrN structure, lower internal stress and moderate hardness, and B-2 a film having mixed structure of hcp-AlN and hcp-Cr 2 N phases, higher internal stress and super high hardness (41 GPa) were chosen. Figure 3 shows the XRD investigations performed in thin film mode on A-1 and B-2 films annealed at different temperatures in ambient air for 1 hour. XRD analysis of A-1 film showed that the fcc-CrN diffractions are retained even on increasing the annealing temperature to 900 C. However, a phase transformation to hcp-Cr 2 N, Cr 2 O 3 and Al 2 O 3 was observed on annealing at 1000 C. In as deposited A-1 film, Al atoms substitute the Cr atomic sites and form the 21)
The bonding energy of the covalent bond is higher than the metallic bond. Therefore, the fcc-AlN bonding existing in A-1 film's lattice may improve the thermal stability of the film. Analysis of XRD spectra of the B-2 film after annealing from 700 to 1000 C showed that the film retained a mixed structure of hcp-AlN and hcp-Cr 2 N phases up to 800 C while at 900 and 1000 C it exhibited the presence of hcp-AlN, hcp-Cr 2 N in addition to the Al 2 O 3 and Cr 2 O 3 phases. In the case of fcc-CrAlN films prepared in unbalanced magnetron sputtering systems, it is known that precipitation of the hcp-Cr 2 N phase with annealing leads to the segregation of the hcp-AlN phase and CrAlN film oxidizes rapidly after the precipitation of hcp-AlN phase. [21] [22] [23] Therefore, we can conclude that the existence of hcp-AlN and hcp-Cr 2 N phases in B-2 film will decrease the oxidation resistance of this film in comparison to the A-1 film. Figure 4 shows the SEM micrographs of the surface of the A-1 film after annealing in air at 700, 800, 900 and 1000 C, respectively. The SEM micrographs prove that the surface of the A-1 film remained almost intact until 800 C. Large grains in the range of 50-300 nm are formed at 900 C. At 1000 C a pebble like structure is observed in the film. The SEM micrographs of B-2 film annealed at 800 C shows formation of a pebble like structure (Fig. 5 ). Grains were found to coarsen on increasing the annealing temperature. FE-SEM images of the surface annealed at 1000 C show that the film surface is uniformly oxidized and a large area of the surface is covered by a worm-like oxide layer. Figure 6 illustrates the variation of plastic hardness of CrAlN films with annealing temperature. It can be seen that the plastic hardness of the A-1 film exhibits an increase with a maximum hardness of 38.5 GPa at 900 C. At 1000 C the hardness falls to 29.4 GPa, which is almost same as that of the as-deposited state of 28.1 GPa. With more focus on the (111) XRD peak of the CrAlN phase in the A-1 film (Fig. 7(a) ) which is recorded in -2 mode it can be seen that the peak is broadened and shifted towards higher diffraction angles with annealing temperature up to 900 C. For instance, at 700 C, the 111-peak broadens and shifts from 37.3 to 37.6 . The variation of X-ray FWHM (full width at half maximum) values of the (111) peak with annealing temperature is shown in Fig. 7(b) . The FWHM values of A-1 film increased after annealing up to 900 C. According to other authors, these results indicate a probable phase separation into c-AlN and CrN components by spinodal decomposition with annealing. [24] [25] [26] [27] [28] Accordingly, the increase in hardness of the film possibly contributes to the age hardening of the sample due to the spinodal decomposition.
24) The formation of the highly stable nanostructure upon the spinodal phase segregation results in a nanostructure with a sharp, dense and therefore strong interface. [25] [26] [27] This dense interface hinders the diffusion of foreign elements, such as oxygen from the gas phase and metallic atoms from the substrate, thus improving the thermal stability of this film. 25, 26, 28) At 900 C, in spite of the coarse surface morphology (Fig. 4) , the hardness value of A-1 film is still high. This can be attributed to the probable spinodal decomposition of the film at this temperature. However, the spinodal decomposition of A-1 film seems to cease at 900 C and the film oxidizes at temperatures >900 C. Consequently, the hardness of the film decreases. In contrast, the plastic hardness of B-2 film decreased gradually on increasing the annealing temperature. In our previous report, B-2 film was characterized as a nanocomposite film composed of a mixture of grains with different chemical composition. 11) Elsewhere it was reported that the stability of the hardness of nanostructured films at elevated temperatures is controlled by the stability of the nanostructure. 29, 30) In our current study the abrupt decrease of hardness for B-2 film with annealing temperature may result from the low oxidation resistance of the film and degraded morphology.
From the analysis of XRD patterns of the films annealed at 1000 C (Fig. 3) , it can be seen that A-1 film contains a mixed structure of hcp-Cr 2 N, Al 2 O 3 and Cr 2 O 3 phases while B-2 film contains a mixed structure of hcp-Cr 2 N, hcp-AlN, Al 2 O 3 and Cr 2 O 3 phases. EDS analysis of the films showed that the oxygen content of B-2 film annealed at 1000 C is higher than that of A-1 film (Table 1) . These results indicate that B-2 film has lower oxidation resistance compared to A-1 film. The origin of the difference of the oxidation resistance between A-1 and B-2 film is still not very clear. One possible explanation might be as follows. As deposited A-1 film contains an fcc-CrN structure in which Al atoms substitute some Cr atomic sites in the lattice. Accordingly, Al and Cr concentrations should be homogeneous in the A-1 film. In contrast, B-2 film consists of a mixed structure of hcp-AlN and hcp-Cr 2 N phases, which causes inhomogeneous distribution of Al and Cr concentration. Chim et al. 31) found that the high oxidation resistance of fcc-T M AlN (T M = transition metal) films is due to the formation of a uniform and dense oxide layer on the film surface which retards the further oxidation process in the underlying film material. However, the inhomogeneous Al/Cr concentration in B-2 film may disturb the formation of a uniform and smooth oxide layer on the surface of the film. Consequently, B-2 film oxidizes more easily by annealing in the air.
This study showed that the oxidation rate of CrAlN film with a mixed structure is higher than the film with a single fcc structure. However, relatively good oxidation resistance (800 C) and high hardness of B-2 film up to 900 C is evidence for the usefulness of the film. In contrast, A-1 film with moderate hardness, high oxidation resistance at 900 C and high hardness stability is a good candidate for high temperature applications.
Conclusions
To examine the relationship between microstructure and oxidation resistance of CrAlN films, two CrAlN films, one with single fcc-CrN structure and another with mixed structures of hcp-AlN and hcp-Cr 2 N phases were chosen. The results provide the following conclusions.
1) The CrAlN film with single fcc-CrN structure and moderate hardness (A-1) showed better oxidation resistance up to 900 C.
2) The CrAlN film with the mixed structure of hcp-AlN and hcp-Cr 2 N phases and super high hardness (B-2) was stable up to 800 C.
3) It seems that the fcc-AlN bonding present in the A-1 film's lattice improved the thermal stability of the film. In contrast, the existence of hcp-AlN and hcp-Cr 2 N phases in the B-2 film probably reduces the oxidation resistance of the film as compared to the A-1 film. 4) The plastic hardness of the A-1 film increased with annealing (maximum hardness of 38.5 GPa at 900 C). In contrast, the plastic hardness of the B-2 film decreased gradually on increasing the annealing temperature.
